Introduction
Over the last decade mass customization (MC) has evolved from being a visionary concept (Davis, 1987) to becoming a valuable business strategy. A growing number of firms in various industrial sectors have been applying advanced manufacturing and information technologies to mass produce low-cost personalized products (Duray, 2002) . Well-known examples of mass customized products include diesel engines, bicycles, computers, insurance, fast-food, footwear, apparel, and pagers (da Silveira et al., 2001 ). These products have been designed and produced in a way to meet the unique needs of customers at a reasonable price (Pine, 1993) .
Research in MC has also evolved in the last decade. Studies in the early 1990s were mainly focused on the MC concept and its implications for manufacturing and service industries (e.g. Boynton et al., 1993; Westbrook and Williamson, 1993; Hart, 1995; Kotha, 1995) . Empirical evidence was mainly provided by paradigmatic cases such as the National Industrial Bicycle Company of Japan (Kotha, 1996) , Motorola (Eastwood, 1996) , and Hewlett-Packard (Feitzinger and Lee, 1997) . Those studies provided the foundations for contemporary research having emphasis on applied, implementation-related issues in MC such as assessment of customer preferences (e.g. Liechty et al., 2001; Fiore et al., 2004) and manufacturing suitability to MC (Fogliatto et al., 2003) , product characterization (e.g. Chan and Cheung, 2001 ) and design (McMains, 2005) , and the analysis of product commonality (e.g. Jiao and Tseng, 2000) and modularity (Tu et al., 2004) .
However, at least two major research gaps still remain in the MC literature. The first concerns the lack of empirical studies investigating the relationships between MC strategic, technical, and performance aspects (as pointed out by Tu et al., 2001) . It is fair to say that most of the concepts proposed in early MC studies have not yet been validated by empirical testing. The second gap concerns the lack of understanding about the role of technology, including information technology, in MC systems (Åhlström and Westbrook, 1999) . The current literature (e.g. Byrd, 2001; Gros, 2001; Xiao et al., 2001) seems to focus more on the potential capabilities provided by advanced technologies than on the actual effects of technology adoption on the organization and performance of MC producers.
This article addresses the two gaps outlined above. We investigate the effect of technology adoption on the MC ability of manufacturing firms with broad and narrow market scope. We focus on three major technologies that have been associated to MC: Computerized Numerical Control (CNC), Flexible Manufacturing Systems (FMS), and Internet application to sales and customer relationship management (McDermott et al., 1997; da Silveira et al., 2001; Zipkin, 2001 ). Market scope is defined by the variety of markets and customers served by the business unit. Improvement in MC ability may be assessed by changes in the degree of product customization and in productivity levels, which are the two performance dimensions of MC. In this paper we test the relationships between market scope, technology adoption, and MC through empirical analysis of 315 manufacturers of fabricated metal products, machinery, and equipment from 14 countries.
Background
Mass customization (MC) is the ability to produce customized products on a large scale at low-cost (Boynton et al., 1993; Pine, 1993; da Silveira et al., 2001; Broekhuizen et Alsem, 2002) . This concept implies that an organization's MC ability may be determined by three elements (Tu et al., 2001) . First, operations must be able to produce differentiated products to meet the requirements of individual customers. Second, the cost of MC products must be close to that of mass-produced items. Third, economical feasibility implies large scale production and, consequently, access to a broad range of markets and customers. Hence, MC consists in overcoming the traditional cost-variety trade-off in operations (Kotha, 1995; Mann and Domb, 2001; Prabhacker, 2001 ) while operating in a mass market context (Zipkin, 2001) : the paradox of making low cost, personalized products in a high volume production environment (Duray, 2002) .
Authors such as Pine (1993), Kotha (1995) , and Hart (1995) suggested that MC emerged as an industrial phenomenon due to three major elements. First, shorter product life cycles and increasing global competition led to a breakdown in mass markets, increasing operations strategic focus on individual customers. Second, customers started demanding greater levels of variety and personalization in products and services. Third, flexible manufacturing and information technologies enabled producers to deliver customized products at low cost. There is growing consensus in the literature (e.g. Fürst and Schmidt, 2001; Zipkin, 2001 ) that MC strategies are only viable in a market context where personalization is demanded and in an industrial context where technology is available.
The requirements above help to visualize why successful MC has been mainly found in specific markets and industries. Most of the literature has been focused on traditional manufacturing sectors such as metal-mechanic, electronics, and apparel. Well-known examples include the National Bicycle Industrial Company of Japan (Westbrook and Williamson, 1993; Kotha, 1995) , Ross Controls (Pine et al., 1995; Karnes and Karnes, 2000; Byrd, 2001) , Motorola (Hart, 1995; Eastwood, 1996; Lau, 1996) , and Levi Strauss (Hart, 1996; Norman and Thisse, 1999; Zipkin, 2001) . Likewise, most empirical MC studies (e.g. Duray et al., 2000; Tu et al., 2001 ) have targeted industrial sectors such as fabricated metal products, machinery, electrical, and transportation equipment. Recent Brazilian studies have also focused on sectors including telecommunications, energy, and online retail (Quintella and Silva, 2003; Quintella et al., 2005a; Quintella et al., 2005b) .
As discussed above, flexible manufacturing and information technologies have long been credited as major enablers of MC. Even though studies emphasized the role of other elements such as lean operations and time-based manufacturing practices (Taylor and Lyon, 1995; Jina et al., 1997; Tu et al., 2001) , it is widely accepted that advanced manufacturing and information technologies provide the basic means to overcome the cost-variety trade-off which is the key for a successful MC implementation (Kotha, 1995; Duray et al., 2000; Zipkin, 2001) . Major MC technologies include Computerized Numerical Control (CNC), Flexible Manufacturing Systems (FMS), and Internet application to sales and customer relationship management (McDermott et al., 1997; da Silveira et al., 2001; Zipkin, 2001) .
CNC technology provides two essential MC capabilities. First, it helps to turn complex, innovative designs quickly into products. Pine et al. (1995) provided the example of Ross Controls that was able to electronically transmit tooling instructions from engineering workstations to CNC equipment, which manufactured new designs in lead times as short as a day. Such a process was facilitated by a practice of translating manufacturing specifications into CNC instructions as soon as customers placed orders for personalized products. Second, CNC provides the ability to reconfigure machines with little downtime (McDermott et al., 1997; Keltner et al., 1999) . This allows for economies of scale even in a context of customized, small batch production.
FMS has the potential to simultaneously improve manufacturing productivity and flexibility, reducing the costs of customization (Jaikumar, 1986; Norman and Thisse, 1999) . It allowed firms such as Levi Strauss and Custom Foot to customize their products (respectively women's jeans and shoes) at little or no cost penalty (Norman and Thisse, 1999) . As explained by Lau (1996) , an FMS can manufacture assorted products using machines linked by automated materials handling systems and a computer system. Preprogrammed, integrated workstations can produce a family of parts whenever needed. Lau (1996) provided the examples of General Electric and Motorola which used FMS to produce custom-made circuit boxes and electronic pagers in a short time.
Finally, Internet is increasingly being used as the main channel to provide customers with information on product customization choices (Liechty et al., 2001) . The best known case example in the literature seems to be that of Dell Computers, which provides a Web channel for customers to personalize computers from a selection of components, features, and software (Byrd, 2001; Crosby and Johnson, 2002) . In general, web-based choice menus provide the means by which customers become aware of the different features and options available for configuring personalized products and services (Liechty et al., 2001) . In addition, customers may use the website after purchasing to track orders and make use of service and support (Kagan et al., 2000) .
The literature review provides three major ideas about MC, which are summarized in our research model (Figure 1) . First, MC involves two performance dimensions that are productivity and customization ability; for a MC strategy to be economically feasible, providers should build competitiveness on the two dimensions simultaneously. Second, technology is the major enabler to overcome that cost-variety trade-off; adopting advanced manufacturing and information technologies such as CNC, FMS, and Internet will potentially lead to simultaneous improvements in the two MC performance dimensions. Third, to be economically sustainable, MC strategies usually require the access to a broad, diversified range of markets and customers; hence, the actual effect of technology adoption on productivity and customization performance will be moderated by the market scope of the firm. To test those relationships, we formulated the following research hypothesis: Hypothesis 1. Technology adoption is more positively related to mass customization ability when the manufacturing firm has a broad market scope than when the manufacturing firm has a narrow market scope.
Methods

Sample
This research used data from the 2000 edition of the International Manufacturing Strategy Survey (IMSS-III). IMSS has been designed to identify the strategies, practices, and performance of manufacturing firms around the world. The survey has been carried out since 1992 by an international network of manufacturing strategy researchers. Data from previous IMSS rounds have been used in several manufacturing strategy studies such as Voss and Blackmon (1998) , Cagliano and Spina (2000) , and Frohlich and Westbrook (2001) .
The 2000 edition included responses from 14 countries. Survey companies were in ISIC Division 38, Manufacture of Fabricated Metal Products, Machinery, and Equipment. The survey focuses on that division because of its large presence worldwide and pioneering role in implementing operations management methods and technologies. A focus on metal-mechanic and equipment manufacturers was especially useful to our research, since those sectors are the most commonly discussed in MC conceptual and empirical studies (see Duray et al., 2000, and Tu et al., 2001 , among others).
Data collection was administered in a country-bycountry basis by local research coordinators. Wherever necessary, the original questionnaire in English was translated by manufacturing strategy academics. Questionnaires were mailed or e-mailed to the Director of Operations/Manufacturing or the person with the equivalent position in the company. An attached letter explained the purpose of IMSS, the structure of the questionnaire, and assurances of confidentiality. Follow-up letters, faxes, emails and calls helped to achieve a response rate close to 20% (Dillman, 1978) . Questionnaires were returned by mail or fax to the country office. Researchers in each country processed data from questionnaires into spreadsheets, which were consolidated at Politecnico di Milano, Italy. The consolidated database was released to the network in July 2002. (Table 1) . ANOVA tests did not show significant differences between the IMSS sample and the study sample with respect to size, production process, or process layout (Table 2 ). The ANOVA indicates that unused responses may be viewed as a random sample of the complete population of respondents; therefore, ignoring such responses did not bias the conclusions from statistical analyses to follow.
Measures
Moderating variables. We grouped sample companies based on the two market scope variables of market coverage and customer focus. Companies described the market aims of their business units using five-point scales. Market coverage was measured using a scale ranging from "few markets" (1) to "many markets" (5). Customer focus was measured using a scale ranging from "few customers" (1) to "many customers" (5).
A hierarchical cluster analysis of subjects was carried out based on the two moderating variables. Ward's method was used to minimize within cluster variances (Rencher, 1995) ; the squared Euclidean distance measure, which is the recommended distance measure for Ward's method, was also applied (Hair et al., 1998: 486) . Table 3 . The null hypotheses that clusters had equal market coverage or equal customer focus were rejected (p-value < .001 in both cases). Following the rationale in Punj and Stewart (1983) , we used a non-hierarchical cluster analysis to test the stability of the solution obtained using Ward's method. Ward's means were used as cluster seeds to the K-means (Quick Cluster) procedure in SPSS 11.0. Results from both analyses were identical, with no subject reassigned to a different cluster. The resulting groups were used as the sub-samples in our regression models.
Dependent variables. The trade-off between product personalization (or versatility) and productivity (or cost) is inherent to the MC concept (Mann and Domb, 2001 ). Therefore we used three dependent variables in this study. Two primary variables accounted for changes in product customization ability and labor productivity; they are the main factors in the regression model. One secondary variable accounted for changes in mass customization ability, and was given by the interaction between the two primary variables. Changes in product customization ability and labor productivity were assessed by the following question: "Please indicate the amount of change of the following performance dimensions over the last three years". Respondents used a five-point scale ranging from "strongly deteriorated" (1) to "strongly improved" (5).
Independent variables. We assessed the level of adoption of three major technologies that have been associated to MC systems: Computerized Numerical Control (CNC), Flexible Manufacturing Systems and their components (FMS), and Internet applications in sales and customer management (Internet). Even though CNC can be also considered part of FMS, we decided to keep those variables separate because of their importance and due to the fact that CNC adoption is often independent from FMS adoption (Johansen et al., 1995 , for example, denote CNC adoption by the term "point automation" and FMS adoption by the term "islands of automation" to emphasize the independence between these two courses of action).
CNC adoption was assessed by two items ("Standalone/NC machines" and "CNC-DNC"), using the question, "Please indicate to what extent the operational activity is performed using the following technologies". Respondents used a five-point scale ranging from "no use" (1) to "high use" (5). FMS adoption was assessed by five items ("Robots", "Automated guided vehicles (AGVs)", "Automated storage-retrieval systems (AS/ RS)", "Flexible manufacturing/assembly systems -cells (FMS/FAS/FMC)", and "Computer-aided inspection/ testing/tracking"), which are the typical components of FMS (Treywin, 1983; Goldhar and Lei, 1995; Mahmoodi, 2001) . They were assessed by the same question and scale used to quantify CNC adoption. Finally, Internet adoption was assessed by three items ("Order processing and tracking", "Sales", and "Customer service and support (CRM)") representing the major aspects in manufacturing-customer relationship. Answers to the question, "Please indicate to what extent you use Internet to integrate the activities of the following processes along the supply chain" were given using a five-point scale, ranging from "no use" (1) to "high use" (5).
Factor analysis using principal components and Varimax rotation confirmed the scales convergent and discriminant validity (Table 4 ). The three factors had eigenvalues greater than 1 and accounted for 56 percent of the cumulative variance. Responses reliability within each factor was measured using Cronbach's alpha calculations. In all cases alpha results were larger than 0.55, which is the threshold value for newly developed scales proposed by Nunally (1967) . Three summated scales comprised of the average of the variable scores within each factor were used as independent variables in the regression models.
Control variables. Size can affect a unit's performance; large firms tend to have more resources to invest in performance improvements (Tsai, 2001 ). Therefore, size was included as a control and was measured by the number of employees: "At the end of the last fiscal year, in your business unit you had ____ employees in total". End user sales ("Please identify to what extent do you sell your products to end users: ____ % of total sales") and market growth ("How would you describe the development of the total market of that product line that you serve? (1) declining rapidly, (2) declining, (3) stable, (4), growing, (5) growing rapidly") are two environmental factors that may affect manufacturer's focus on MC (Fitzgerald, 1995; Roberts, 2000) . Finally, cellular manufacturing ("Please indicate to what extent your activity is organized in the following layout categories -indicate percentage of total volume: cellular layout ____ %") and multi-skilled labor ("How many of your production workers do you consider as being multi-skilled? ____ % of total number of production workers") are factors having influence on MC ability (Dunphy and Bryant, 1996; Fliedner and Vokurka, 1997) . Table 3 presented the means, standard deviations, and ANOVA between clusters, highlighting the significant differences between their market coverage and customer focus. It also showed that, except for the F-value in FMS adoption, there were no significant differences between clusters regarding dependent, independent, and control variables used in the regression models. Therefore, differences in regression coefficients between the two clusters could not be explained by variables other than market coverage and customer focus. Table 5 presents the correlations between variables within each cluster. The low correlations allowed us to include all control variables in a single regression model (Carpenter and Fredrickson, 2001 ). However, since some correlations between independent variables appeared as significant, we tested their separate effects on various reduced models to assess multicollinearity effects on the results. Reduced models were comprised of all control variables and one independent variable. The only significant difference from the complete models in Table 6 was that the standardized coefficient for Internet in a reduced model 3.2 was slightly below the 10% threshold significance level (p = .149). However, this result provided even stronger support to our conclusions and did not affect the complete models 1.2 and 4.2. Also, variance inflation factor (VIF) scores for all models were below the maximum tolerance of 10.0 (Mendenhall and Sincich, 1996: 357; Hair et al., 1998: 221) , further suggesting that complete models could be used.
Results
The research hypothesis was tested using hierarchical regression analysis. Regression analysis is a statistical analysis used to assess the strength of relationships between one dependent variable and several independent variables (Hair et al., 1998) , i.e. the types of relationships anticipated in H1. Table 6 shows the results of the hierarchical regression analyses estimating the effects of CNC, FMS, and Internet adoption on MC, product customization ability, and labor productivity improvements in the two clusters. In each case, the first model includes only the control variables, and the second model adds the variables needed to test the research hypothesis. Models 1.1 to 3.2 estimate the effects of control and independent variables on each of the three dependent variables in the narrow focus cluster (composed of 200 companies with "few markets" and "few customers"). Findings indicate that technology adoption did not have a significant effect on the MC ability of the narrowly focused manufacturers in our sample. The only significant relationships were the positive effect of end user sales on product customization ability (p < .10) and the negative effect of Internet adoption on labor productivity (p < .10).
Models 4.1 to 6.2 estimate the effects of control and independent variables on dependent variables in the broad focus cluster. This cluster is comprised of 115 manufacturers, which operated with "many markets" and "many customers". Despite the smaller cluster size, these models presented statistical significance. Regarding the control variables, size (p < .10) was positively associated to MC improvement, and end user sales (p < .05) was negatively associated to labor productivity and, as a consequence, to MC improvement. Those results were expected; size usually affects the operations performance, and relationship to end-users may reduce labor productivity due to the well-known trade-off between cost and customer service. Regarding the independent variables, the effects of technology adoption on MC, product customization, and labor productivity were mostly positive and significant. In model 4.2, the coefficients for CNC (p < .05), FMS (p < .10), and Internet (p < .10) were positive and significant, indicating that technology adoption had a positive effect on the MC ability of broad market manufacturers. Models 5.2 and 6.2 explain why those relationships occurred:
CNC and Internet had a positive and significant (p < .05) effect on product customization ability and a non-significant effect on labor productivity; FMS had a positive and significant (p < .05) effect on labor productivity and a non-significant effect on product customization ability.
Our major interest was to compare model 1.2 (MC in Cluster 1) to model 4.2 (MC in Cluster 2). Hypothesis 1 states that technology adoption is more positively related to MC ability when the firm has broad market scope than when the firm has narrow market scope. As shown in Table 6 , the effects of technology adoption on MC ability were more positive and significant in model 4.2 than in model 1.2. The results confirm H1. Even though the levels of performance and technology adoption were not significantly different between clusters, the predicted relationship between technology adoption and MC ability was only observed in the case of broad market firms. .07 * p < .05 (two-tailed). ** p < .01 (two-tailed). *** p < .001 (two-tailed).
Discussion
We investigated the effects of technology adoption on the MC ability of manufacturing firms having broad and narrow market strategies. Research findings generated knowledge about two critical issues in the MC research: i) the impact of different technologies on the two MC dimensions of product customization and productivity and ii) the influence of market scope on the relationship between technology adoption and MC.
Technology impact on mass customization
Research results indicate that CNC, FMS, and Internet had a positive and significant impact on MC in broad market firms which may be derived from their ability to improve one MC dimension at no expense to the other. However, results indicated that different technologies were associated to improvement in different mass cus- tomization dimensions. On one hand, CNC and Internet had a positive impact on product customization ability, at no expense to labor productivity. On the other hand, FMS had a positive impact on labor productivity, at no expense to product customization ability. Our results on FMS are consistent with Jaikumar's (1986) early study of adoption of this technology in the U.S., which suggested that manufacturers used FMS for productivity more than variety production.
This finding is particularly relevant for its contrast to traditional and modern trade-off theories. Technologies neither appeared to have an uneven effect on MC dimensions (i.e., improving one dimension while reducing the other, as suggested in traditional trade-off studies such as Skinner, 1969) , nor they brought improvements across-the-board (i.e., raising performance in both dimensions simultaneously, as suggested in World-Class Manufacturing studies such as Schonberger, 1986) . Their actual effects appeared to be more complex. First, even technologies such as CNC and FMS, which at first would appear to have a similar role in manufacturing, had different effects on productivity and customization ability. Second, as we mentioned above, the effects of technologies in one dimension did not appear to cause either an improvement or a reduction in the other. Third and most significantly, the positive impact of technologies on MC dimensions occurred in only one of the clusters, suggesting that other variables such as market strategy might have a significant influence on the economic returns from technology investments. This last aspect leads to our second discussion point.
Moderating effect of market scope
Results provided empirical evidence to the role of market scope on technology's impact in MC. There was a clear distinction on the relationship between technology adoption and MC between broad and narrow market firms. In broad market firms, technology adoption was positively and significantly related to improvement in MC capabilities. In narrow market firms, however, there seemed to be no relationship between technology adoption and MC.
The findings relating to broad market firms mostly conform to the literature. CNC, FMS, and Internet have been identified as major enablers to MC (McDermott et al., 1997; da Silveira et al., 2001; Zipkin, 2001) . In addition, authors such as Zipkin (2001) and Duray (2002) emphasized the need for MC strategies to be developed in high-volume, mass-market contexts. Our results provide empirical support to those claims.
The findings relating to narrow market firms, on the other hand, are more puzzling. Results indicated no significant relationship between MC and technology adoption in the narrow cluster, even though there were no significant differences in the means of dependent and independent variables between the two clusters. We may suggest some explanations for the role of technology in narrow market firms. First, since FMS seemed to be less adopted than in the broad market firms, its relevance in enabling MC might be simply not envisioned by those firms. FMS could be more likely viewed as a means to attain higher productivity and quality levels, as proposed in Jaikumar (1986) , and Norman and Thisse (1999) . However when testing the relationship between FMS and labor productivity in model 3.2, no significant positive correlation was detected. Furthermore, CNC and Internet seemed to be equally adopted in narrow market firms, but could have different purposes. For example, CNC might be used for improving product quality (Levary 1994; Bullen, 1997) rather than customization; Internet might be used for improving customer service (Walsh and Godfrey, 2000) . Finally, technologies could have been adopted for similar purposes as in broad market firms, but their contribution to MC ability might not have been realized due to lack of opportunities or demand for MC (Zipkin, 2001 ).
Conclusion
This study investigated the relationship between market scope, technology adoption, and MC. We built a hierarchical regression model to test the effect of three major technologies on the MC ability of manufacturing firms with narrow and broad market strategies. We selected three of the major technologies that have been associated to MC in the literature: i) CNC; ii) FMS in fabrication; and iii) Internet in sales and customer relationship management. The MC ability construct in our work corresponded to the interaction between the two performance dimensions involved in the MC trade-off: labor productivity and product customization ability. Results mainly indicated that i) different technologies were associated to improvement in different MC dimensions; and ii) market scope had a moderating effect on the relationship between technology and MC.
Our study may show itself limited in two ways. First, we obtained our data from an existing database (IMSS) rather than a study-focused survey. However using the IMSS database is justified by the gain in sample reliability and scale it promotes. Second, our analysis is limited to manufacturers of fabricated metal products, machinery, and equipment. The IMSS database is focused on such single sector to improve the validity of research findings and enable cross-national comparisons. Therefore, caution must be taken in generalizing results to other industries.
The results present major contributions to the research on MC. They provide empirical support to the moderating effect of market strategy on the relationship between technology and MC. Our research aimed at reducing the empirical gap in MC research pointed out by Tu et al. (2001) . In addition, we clarify the distinctive role of three major technologies in the MC dimensions of productivity and product customization. For that matter, we followed Åhlström and Westbrook (1999) , who highlighted the need for more research on the role of manufacturing and information technologies in MC.
The research implications of our findings are also twofold. First, the empirical analysis of technology-performance relationships in MC systems must include market and operations strategy variables. Our study provides additional evidence that returns from technology and operations improvements are influenced by strategic factors such as market scope, industrial competitiveness, and competitive priorities. The insertion of such variables in empirical models will often enrich the validity and relevance of research results. The second implication concerns the multidimensional, trade-off nature of the MC concept.
To implement such a concept in practice, a firm must simultaneously consider the two performance dimensions of product customization and productivity. Alternative variables such as product variety or production cost could be used; however, it would seem a mistake to attempt at measuring MC abilities using unidimensional variables that fail to address the trade-off at the heart of MC.
The major practical implication derived from our research is that managers should relate the capabilities provided by advanced technologies with the market and operations strategy of the firm. In our study, the first group of firms might not be realizing the benefits from technology adoption because of their narrow market focus. For example, customization capabilities provided by CNCs might not be fully explored due to low demand for personalized products; productivity improvements from FMS adoption could result in excess capacity in the absence of opportunities to market the product catalogue. (Tu et al., 2001) . A segunda lacuna está relacionada à compreensão limitada acerca do papel da tecnologia, em particular da tecnologia de informação, nos sistemas de CM (Åhlström and Westbrook, 1999 
